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Abstract. We investigate the effects of metallicity on the broad-band photometric colors of late-type giants, and 
make a comparison of synthetic colors with observed photometric properties of late-type giants over a wide range 
of effective temperatures (Teff = 3500 - 4800 K) and gravities (logg = 0.0 - 2.5), at [M/H] = -1.0 and -2.0. The 
influence of metallicity on the synthetic photometric colors is small at effective temperatures above ~ 3800 K, but 
the effects grow larger at lower TeB, due to the changing efflciency of molecule formation which reduces molecular 
opacities at lower [M/H]. To make a detailed comparison of the synthetic and observed photometric colors of late 
type giants in the Tcfi-color and color-color planes (which is done at two metallicities, [M/H] — —1.0 and —2.0), we 
derive a set of new Tcff-log g-color relations based on synthetic photometric colors, at [M/H] — —0.5, —1.0, —1.5, 
and —2.0. These relations are based on the Toff-log <; scales that we derive employing literature data for 152 late- 
type giants in 10 Galactic globular clusters (with metallicities of the individual stars between [M/H] = —0.7 and 
—2.5), and synthetic colors produced with the PHOENIX, MARCS and ATLAS stellar atmosphere codes. Combined with 
the Tofj-log p-color relations at [M/H] = 0.0 (Kucinskas et al. 2005), the set of new relations covers metallicities 
[M/H] = 0.0. . .-2.0 (A [M/H] = 0.5), effective temperatures T^ff = 3500 . . .4800K (AT^ff = 100 K), and gravities 
log g — —0.5 . . . 3.0. The new Tofj-log g-color relations are in good agreement with published Tofj-color relations 
based on observed properties of late-type giants, both at [M/H] — —1.0 and —2.0. The differences in all Tcff-color 
planes are typically well within ~ 100 K. We find, however, that effective temperatures predicted by the scales 
based on synthetic colors tend to be slightly higher than those resulting from the Tefj-color relations based on 
observations, with the offsets up to ~ 100 K. This is clearly seen both at [M/H] = —1.0 and —2.0, especially in 
the Tcs~{B — V) and Tcg-iV — K) planes. The consistency between Tefj-log g-color scales based on synthetic 
colors calculated with different stellar atmosphere codes is very good, with typical differences being well within 
AToff ~ 70K at [M/H] = -1.0 and ATcff ~ 40K at [M/H] = -2.0. 
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1. Introduction 

Stars on the red giant branch and asymptotic giant branch 
(RGB and AGB, respectively) are important constituents 
of intermediate age and old stellar populations. In this age 
range they contribute significantly to the total radiative 
energy output of a given population, especially at near- 
infrared wavelengths (e.g., Mouhcine & Langon 2002). A 
realistic representation of the atmospheres and observed 
spectral properties of late-type giants with current stel- 
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lar atmosphere models is, therefore, of crucial importance, 
both for understanding evolution of single stars and stellar 
systems. This is especially vital for the studies of distant 
stellar populations which have to rely on the most lumi- 
nous stars, and frequently on RGB and AGB stars alone. 

While theoretical modeling of late-type giant atmo- 
spheres has undergone significant development during the 
last decade, with major improvements in the modeling 
procedure, current stellar atmosphere models still use a 
number of simplifications in the model physics and other 
assumptions (see, e.g., Gustafsson 2003). Indeed, the 
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atmospheres of late-type giants are complex, thus de- 
tailed modeling of certain physical phenomena (convec- 
tion, pulsations, shock waves, grain formation, mass loss) 
should ideally be done using 3-D radiation hydrodynam- 
ics. Obviously, while the classical 1-D model atmospheres 
may still be very valuable in providing the time-averaged 
properties of late-type giants (for instance, their broad- 
band photometric colors), it is important to know how 
well these theoretically predicted quantities reproduce the 
observations of real stars. 

In the first paper of this series (Kucinskas et al. 2005, 
Paper I) we made a detailed comparison of synthetic pho- 
tometric colors produced using current stellar model at- 
mosphere codes (PHOENIX, MARCS, and ATLAS) with obser- 
vations of late-type giants in the Solar neighborhood, at 
Solar metallicity. Generally, we found that observed and 
theoretical colors agree at the level of ±100 K, over a wide 
range of effective temperatures (Toff = 3000 . . . 4800 K) 
and gravities (log 5 = 0.0. ..-1-3.0; see Paper I for a de- 
tailed discussion). Here we extend this analysis to sub- 
Solar metallicities, assuming Solar-scaled abundances of 
individual chemical species at [M/H] < 0. 

There are 3 parts of this paper. First, we investigate 
the influence of metallicity, [M/H], on the synthetic broad- 
band photometric colors calculated with the PHOENIX stel- 
lar model atmosphere code. Second, we derive a set of new 
Toff- log g relations at different metallicities, based on the 
published spectroscopic effective temperatures and gravi- 
ties of 152 giants in Galactic globular clusters. We further 
employ these relations to derive three new Toff-log g-color 
scales based on the synthetic colors of PHOENIX, MARCS and 
ATLAS, for [M/H] = -0.5, -1.0, -1.5, and -2.0. Finally 
we provide a detailed comparison of the new Toff -log g- 
color scales based on the synthetic photometric colors 
with a number of Teff-color relations available from the 
literature. This comparison is done for two metallicities, 
[M/H] = -1.0 and -2.0. 

The paper is structured as follows. In Sect. 2 we briefly 
describe synthetic spectra calculated with the PHOENIX, 
MARCS and ATLAS model atmospheres, and outline the pro- 
cedure used to calculate synthetic photometric colors. The 
effects of metallicity on the photometric colors are dis- 
cussed in Sect. 3. The new Toff \ogg scales for different 
metallicities are derived in Sect. 4. Here we also discuss 
a sample of Galactic globular cluster giants which is em- 
ployed in the derivation of the Teff-logi? relations. Finally, 
the new Tefj-log gi-color relations based on the synthetic 
colors of PHOENIX, MARCS, and ATLAS are derived in Sect. 5. 
A comparison of the new Tefi-log g-color scales with Tefj- 
color relations available in the literature is also provided. 

2. Stellar atmosphere models, spectra and 
synthetic colors of late-type giants 

The comparison of synthetic photometric colors with 
observations of late- type giants made in Sect. 5 uti- 
lizes colors calculated with the PHOENIX, MARCS, and 
ATLAS model atmospheres. A detailed description of the 



model atmosphere codes can be found in relevant papers 
(PHOENIX: Hauschildt et al. (2003) and references therein; 
ATLAS: Castelli & Kurucz (2003); MARCS: Plez (2003) and 
Gustafsson et al. (2003)). In the following subsections we 
briefly summarize only the most crucial issues related to 
the calculation of synthetic spectra and broad-band pho- 
tometric colors. 

2.1. PHOENIX spectra and broad-band colors 

PHOENIX photometric colors used in this work were calcu- 
lated in Paper I employing a new grid of PHOENIX spec- 
tra. This grid is an update and extension of the previous 
NextGen library of synthetic spectra of late-type giants 
(Hauschildt et al. 1999b) to lower effective temperatures 
and metallicities (Hauschildt et al. 2006, in preparation^). 
The atmospheres and spectra in this grid were calculated 
under the assumption of spherical symmetry and LTE, 
for a single stellar mass M^, = IMq. Microturbulent ve- 
locity was set to ^ = 2 kms~^. Typical spectral resolution 
is 0.2 nm in the optical wavelength range and gradually 
decreases towards the infrared wavelengths. 

The broad-band photometric colors were calculated 
in the Johnson-Cousins-Glass system, using filter defini- 
tions from Bessell (1990) for the Johnson- Cousins BVRI 
bands and Bessell & Brett (1988) for Johnson-Glass JHKL 
bands. Conversion of instrumental magnitudes to the stan- 
dard Johnson-Cousins-Glass system was done using zero 
points derived from the synthetic colors of Vega (equating 
all color indices of Vega to zero) . The Vega spectrum used 
for this purpose was calculated with the PHOENIX code 
employing full NLTE treatment (see Paper I for details). 

A detailed description of the PHOENIX models, spectra, 
and colors is given in Paper I. The influence of various 
model parameters (such as gravity, microturbulent veloc- 
ity, stellar mass) on the the broad-band photometric colors 
is discussed there as well. 

2.2. MARCS and ATLAS spectra and colors 

Complementary to the new PHOENIX colors, we also use 
synthetic colors calculated with MARCS and ATLAS model 
atmospheres. MARCS spectra were kindly provided to us 
by B. Plez (private communication, 2003), ATLAS colors 
were taken from Castelli & Kurucz (2003). In both cases 
synthetic spectra were calculated in the approximation of 
plane-parallel geometry, but employing up-to-date lists of 
line and molecular opacities (see e.g. Plez 2003; Castelli 
& Kurucz 2003, for more details). 

MARCS broad-band photometric colors were calculated 
in the Johnson-Cousins-Glass photometric system employ- 
ing the same procedure as with PHOENIX spectra and using 
zero points obtained from the PHOENIX spectrum of Vega 
(Paper I). 

^ The spectra are available at the following URL: ftp: / / 
ftp.hs.uni-hamburg.de / pub /outgoing/ phoenix/G AIA /v2.6. 1/. 
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Fig. 1. Influence of metallicity on synthetic photometric colors in different Teff-color planes. Late-type giants from Paper I are 
shown as filled and open circles, indicating non-variable and variable stars, respectively (see Paper I for more details; stars are 
only plotted to indicate the spread in the observed Teff-color sequences at Solar metallicity, not for a detailed comparison). 
Thin lines with symbols are PHOENIX colors at log 3 =1.5 and different metallicities. Symbols are spaced at every 100 K. 



3. The influence of metallicity on synthetic 
photometric colors 

It can be anticipated that metallicity has a significant ef- 
fect on the synthetic photometric colors of late-type gi- 
ants, as both atomic and molecular opacities of various 
chemical species have a large influence on the emitted 
spectrum at the low effective temperatures typical for late- 
type giants (Paper I) . In the following we will focus on the 
effects due to the variations in overall metallicity, [M/H] 
(assuming Solar-scaled abundances at [M/H] < 0); the in- 
fluence of a-element abundances, [a/Fe], will be discussed 
in a separate paper (Kucinskas et al. 2006, in preparation). 

The influence of metallicity on the broad-band pho- 
tometric colors is shown in Fig. 1 (Tgff-color planes) and 
Fig. 2 (color-color planes). Together with synthetic colors 
of PHOENIX at several metalhcities ([M/H] = 0, -1.0, -2.0; 
logg = 1.5), the figures also display observations of indi- 
vidual late-type giants at Solar metallicity from Paper I 
(with Toff available from interferometry) , to illustrate the 
typical scatter in the observed sequences in Teg-color and 
color-color planes. 



Generally, the effects of metallicity arc small in all col- 
ors of the Teff-color planes for T^g ^ 4000 K. Most insen- 
sitive to the changes in [M/H] is V — K, which remains 
essentially unaffected at Tcs <; 3700 K. This behavior sim- 
ply reflects the fact that photometric colors are little af- 
fected by molecular opacities at higher effective temper- 
atures (Paper I), thus the trends in the Toff- color planes 
are governed by changes in atomic opacities which have 
relatively little influence on the broad-band photometric 
colors (note that these effects become non-negligible at 
shorter wavelengths, A ^ 450 nm) . 

However, the importance of molecular opacities, and 
thus the sensitivity to metallicity effects, increases rapidly 
at lower effective temperatures. This is especially pro- 
nounced in the Teg-{B — V) plane, where photometric 
colors develop a strong dependence on metallicity below 
Teff ~ 3800 K (with redder B-V colors at lower [M/H] 
values in this Tgg range; note that the trend is opposite 
at higher temperatures). The 'turn-off' towards the bluer 
colors (which sets in at T^s ~ 3800 K at [M/H] = 0.0) 
also tends to occur at lower Tes and redder colors at lower 
metallicities. As the 'turn-off' in the Tes-{B — V) plane 
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is caused by the rapidly increasing TiO absorbtion in the 
t^— band with decreasing Teg (see Paper I), an increas- 
ingly larger fraction of the available Ti is bound in TiO 
to produce the same band strength at lower [M/H]. This 
causes the 'turn-off' to shift to lower effective tempera- 
tures with decreasing metallicity, as the efficiency of TiO 
formation (and thus the concentration of TiO molecules) 
grows rapidly with decreasing Toff- 

An increasing influence of metallicity on broad-band 
photometric colors at lower effective temperatures can be 



seen in other Tgff-color planes too, with colors becoming 
bluer at lower [M/H]. Typically, this is due to the de- 
creasing concentration of various molecules at a given ef- 
fective temperature with decreasing [M/H]. For instance, 
the blueward shift in the T^s-{V - I) and T^g-iV - K) 
planes at Tcff 4000 K is essentially governed by the 
decreasing abundance of TiO at lower [M/H] values (at 
Teff ^ 3700 K the effect of lower VO and H2O concentra- 
tions becomes important in / and K bands, respectively). 
The trends seen in the Teff-(J — K) plane are caused by 
a complex interplay of decreasing concentrations of H2O, 
CO and TiO (see Paper I for a discussion on the influence 
of molecular opacities on the photometric colors). 

The trends seen in the color-color diagrams essen- 
tially reflect the behaviour in the corresponding T^g— 
color planes. The influence of metallicity is strong in 
the {B -V) - {V - I) plane for y - / ^ 1.7; a sim- 
ilar effect is seen in the (J — K) — {V — K) plane for 
V — K ^ 4.0. Note that the effects of metallicity are mi- 
nor in the {V — I) — {V — K) plane. Interestingly, this 
color-color plane is also little affected by gravity and the 
choice of microturbulent velocity (Paper I) . 

It should be noted that the minimum Teg for which 
metallicity effects are negligible tends to increase with 
gravity. For instance, at logg — 0.5, the effects of [M/H] 
mV — K are indeed minor for Tgg ^ 3700 K, while at 
log g = 2.5 they are only negligible for T^s ^ 4000 K. This 
is due to the fact that at temperatures close to where 
the molecules dissociate, the effect of metallicity is rather 
large, as the pressure in the line forming regions increases 
with lower [M/H] due to the overall lower opacities. This 
causes a shift in the chemical equilibria in the line form- 
ing regions, which is more pronounced at higher gravities 
(where the relative changes in the pressure are higher) 
than at low gravities where less molecules form (for given 
temperature and metallicity). 

4. New Tcff-logfir scales at [M/H] < 

A detailed comparison of synthetic photometric colors 
with observations in the Teff-color planes can be made 
in a straightforward way if synthetic colors are provided 
in the form of Teff log g color relations, with gravities at 
different temperatures specified according to a representa- 
tive Teff-log(/ relation. Such an approach was adopted in 
Paper I to make a comparison of synthetic and observed 
colors at Solar metallicity. In this work we employ the 
same strategy to compare photometric colors of late-type 
giants at sub- Solar metallicities. 

Since a homogeneous set of Toff— logg relations suit- 
able for use with late-type giants at sub-Solar metallicities 
is not readily available in the literature, we focus in this 
Section on the derivation of new empirical Tefj-log^i scales, 
at [M/H] = -0.5,-1.0,-1.5,-2.0. For this purpose we 
employ a sample of late-type giants in Galactic globu- 
lar clusters (GGCs), with their effective temperatures and 
gravities collected from the literature. The choice of GGC 
giants is based on several considerations. First, GGCs are 
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Table 1. Properties of the Galactic globular cluster sample used in the derivation of Tes-logp relations (see text for details). 



Group 


Cluster 






N 


([Fe/H]cG9,> 


([Fe/H]„,,^^) 


Reference 


Age, Gyr 


1 


M71, NGC 104 


21 


10 


36 


-0.74 ± 0.12 


-0.81 ± 0.08 


M71: CG97, KI03, ROl 
NGC 104: CC97 


M71: 10.2 ± 1.4 
NGC 104: 10.7 ± 1.0 


2 


M4, M5 


31 


17 


31 


-1.11 ±0.12 


-1.17 ±0.03 


M4: 199 
M5: CG97 


M4: 11.7 ±0.8 
M5: 11.3 ± 1.1 


3 


MIO, M13, 
NGC 7006 


46 


35 


70 


-1.40 ±0.09 


-1.58 ±0.09 


MIO: KI03 

M13: CG97, KI03 

NGC 7006: KI03 


MIO: 12.0 ±1.1 
M13: 12.5 ± 1.2 
NGC 7006: 13.1 ± 1.0 


4 


NGC 6397 


10 


5 


18 


-1.81 ±0.13 


-1.98 ±0.02 


CG97, MPG96 


NGC 6397: 12.3 ± 1.1 


5 


M15, M92 


54 


15 


66 


-2.16 ±0.06 


-2.36 ±0.05 


M15: KI03, SOO 

M92: CG97, KI03, SOO 


M15: 11.8 ±0.8 
M92: 12.6 ± 0.9 



generally well observed, with precise atmospheric param- 
eters of individual stars available over a wide range of ef- 
fective temperatures and gravities. Second, GGCs span a 
wide metallicity range, which is crucial for the derivation 
of Toff— log g relations at different [M/H]. Finally, they arc 
of similar age which implies a similarity in the atmospheric 
parameters of individual stars in clusters of similar metal- 
licity. This allows binning of stars from different clusters 
into groups according to their metallicities, to increase the 
number of individual stars available in a given metallicity 
group. 

4.1. Stellar sample 

Ideally, the new Tgfj-log^ relations should be derived us- 
ing a sample of late-type giants with their effective tem- 
peratures and gravities measured using direct methods, 
e.g., effective temperatures obtained via the interferomet- 
ric measurements of stellar radii, and gravities from par- 
allaxes (i.e., 'evolutionary' gravities, see Sect. 4.1.2 be- 
low). Unfortunately, direct measurements of atmospheric 
parameters are currently available only for the nearby 
giants, the majority of which have metallicities close to 
Solar. Needless to say, late-type giants in the GGCs are 
not accessible, due to the large distances involved. For this 
reason, our new relations derived in this Section are based 
on spectroscopic effective temperatures and gravities of 
GGC giants (in combination with Tcff and log g from pho- 
tometry, see below), with temperatures obtained under 
the assumption of excitation equilibrium of Fe I lines, and 
gravities derived assuming the ionization equilibrium of 
Fe II lines. 

The core of our sample is based on the GGCs analyzed 
by the Lick- Texas group, in particular, their recent spec- 
troscopic study of late-type giants in 16 GGCs (Kraft & 
Ivans 2003, KI03, and references therein). Whenever avail- 
able, data from other sources were also used, providing a 
consistency check between the results of different groups. 
We made every attempt to assure that the T^e used in 
our study are derived from the analysis of recently ob- 
tained high quality spectroscopic data, or literature data 
re-analyzed in a self-consistent and homogeneous way, em- 



ploying the advantages of improved stellar model atmo- 
spheres, analysis techniques, and so forth. 

The final sample consists of 82 GGC late-type giants 
with precise estimates of effective temperatures, gravi- 
ties and metallicities from high-resolution spectroscopy. 
Additionally, we use 70 stars with T^g and log 5 avail- 
able from photometry, which nearly doubles the number 
of stars and individual measurements of stellar parame- 
ters available for the analysis. We justify the latter choice 
by making a careful verification of the effective tempera- 
tures and gravities derived with photometry, spectroscopy 
and the infrared flux method (IRFM; Blackwell et al. 
1990), finding a generally good agreement in Tgs and log 5 
obtained with these different methods (Sect. 4.1.1 and 
Sect. 4.1.2). Metallicities of the individual sample stars 
are in the range of [Fe/H] = -0.7 ... - 2.5. 

Individual clusters with similar [Fe/H] values were 
binned into five metallicity groups, to increase the number 
of stars in each group. In fact, this procedure may smear 
intrinsic morphological differences in the giant branches 
of different clusters in the Teff-log^ plane. However, as 
will be shown in Sect. 5, differences between the RGB se- 
quences of individual clusters in the Toff-log g plane are 
always considerably smaller than the typical errors in the 
derivations of Tgs and log 5. 

Properties of the five cluster groups are summarized in 
Table 1. The contents of columns 3-5 are: rigtar is a total 
number of stars in a given group for which a total of N 
(spectroscopic plus photometric) independent derivations 
of Tes and log 5 is available; rispec gives the number of stars 
with both effective temperatures and gravities available 
from high-resolution spectroscopy. 

Below we focus on the atmospheric parameters of the 
sample stars in more detail. 

4.1.1. Effective temperatures 

Approximately half of the individual cluster giants used 
in this study (77 stars) have effective temperatures avail- 
able from spectroscopic analysis (i.e., derived under the as- 
sumption of excitation equilibrium of Fe I lines). However, 
spectroscopic estimates are rather sensitive to different 
model assumptions, details of the analysis procedure, etc. 
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For example, Thevenin & Idiart (1999) have shown that 
at low metallicities Fe I lines may suffer considerably from 
overionization, due to the leakage of UV photons into the 
outer stellar atmosphere because of the lower opacities as- 
sociated with lower [Fe/H] values. This may indeed have 
an effect if the effective temperatures are derived under 
the assumption of excitation equilibrium of Fe I. 

For seventeen late-type giants in three clusters from 
Table 1 (M92, M13, M71), effective temperatures are avail- 
able both from spectroscopy (KI03) and the infrared flux 
method, IRFM (Alonso et al. 1999b, A99). Effective tem- 
peratures and angular diameters obtained with the IRFM 
usually agree fairly well with direct estimates available 
from interferometry and/or lunar occultations, for stars 
of different luminosity classes and effective temperatures 
(see, e.g., Nordgren et al. 2001; Blackwell & Lynas-Gray 
1998; Alonso et al. 1999a, 2000). A comparison with the 
IRFM temperatures may thus offer an independent sanity 
check for the spectroscopically and photometrically de- 
rived effective temperatures. This is done in Fig. 3. 

Clearly, the differences between Teg from spectroscopy 
and TiRFM (fiUed circles in Fig. 3) are small in the cases 
of M92 and M13; the average offsets are AT^g ~ 30K 
and AToff cf. 40 K, respectively, (i.e., spectroscopic Tcs are 
higher), with RMS residuals of ~ 60K and ~ 70 K. There 
is no evidence for any statistically significant systematic 
trends either. Note, however, that in the case of M13 the 
average offset is mostly determined by the large offset of 
a single star at Tirfm = 3790 X (ATcff ~ 180 K), and 
amounts to only AT^ff ~ 10 K if this star is removed from 
the averaging procedure. A larger offset is seen in case 
of M71, with spectroscopic temperatures derived by KI03 
being higher by AT^e ~ 140 K (RMS residual ~ 30 K). 

A comparison of photometrically derived effective tem- 
peratures of stars in our sample (available for 33 objects) 
with those obtained with the IRFM shows that photo- 
metric Toff generally tend to be slightly higher, with the 
average offsets of about 85 K, 90 K and 55 K for clusters 
in groups 5, 3, and 1, respectively (triangles and asterisks 
in Fig. 3). While the average offset in group 1 is relatively 
small, the RMS residual is large (~ 150 K), due to the 
large offset of the photometric temperatures of individual 
stars in M71 (~ 150 K) derived by Carretta & Gratton 
(1997, CG97). 

Interestingly, while KIG3 and CG97 stars in M71 are 
obvious outliers in Fig. 3, they all lie very close to the av- 
erage Tcff-logg sequence in the Tog-log g plane (Sect. 4.2, 
Fig. 6). At the same time, there are no signs for the 
discrepancies between the spectroscopic and evolutionary 
gravities of these stars (Sect. 4.1.2). Also, their gravities 
agree well with those of stars from other clusters in this 
metallicity group. Altogether this may indicate that dis- 
crepancies seen in Fig. 3 may in fact be due to somewhat 
lower IRFM temperatures of A99 rather than the system- 
atically higher temperatures of KI03 and CG97. 

One should note, however, that the number of stars 
used in this comparison is small, thus the trends hinted 
at in Fig. 3 may clearly be influenced (or even governed) 
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Fig. 3. Comparison of the IRFM temperatures of late-type gi- 
ants in Galactic globular clusters used in this work, as derived 
by Alonso et al. (1999b, A99), with T^a obtained from spec- 
troscopy and photometry (cluster groups 5, 3, 1, top-down; 
the contents and properties of individual cluster groups are 
given in Table 1). Different symbols indicate original sources 
from which spectroscopic (filled circles) and photometric (other 
symbols) effective temperatures were taken. Note that in case 
of groups 5 and 3 IRFM temperatures are only available for 
stars in one cluster. 



by selection effects. KI03, for instance, find a good agree- 
ment between spectroscopically obtained effective temper- 
atures and those resulting from photometry for the major- 
ity of late-type giants in their study (containing 149 stars). 
Nevertheless, the differences in Tcs of individual stars de- 
rived by different authors may provide an idea about the 
limits of the precision of photometrically derived effec- 
tive temperatures, reflecting the influence of various sys- 
tematical effects, discrepancies in Teg predicted by differ- 
ent Tog-color relations, and so forth. It is obvious that in 
many cases these differences are considerably larger than 
^ 100 K, a value frequently quoted as a typical uncer- 
tainty for the photometrically derived effective tempera- 
tures, which suggests that errors in the photometrically 
derived Teg are frequently seriously underestimated (see 
also discussion in Paper I). 

4.1.2. Gravities 

Two kinds of gravities are used in spectroscopic abun- 
dance analyses. One is 'evolutionary' gravity, which is de- 
rived through the Tog-T^~A/^-log g relation (L^ and M^, 
are stellar luminosity and mass, respectively), where effec- 
tive temperature is typically obtained from photometric 
colors, luminosity from absolute magnitude and bolomet- 
ric correction, and the mass is implied from evolutionary 
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tracks. The major disadvantage of evolutionary gravities 
from the point of view of our study is that an estimate 
of gravity through the Teg-L^^-M^^-logg relation makes 
an implicit use of the Teg-log g scale for the derivation 
of stellar mass. Fortunately, since all clusters in our sam- 
ple are old (see Sect. 4.1.3), masses of individual stars on 
their giant branches should be very similar. In such a sit- 
uation, the Toff-L^-M^-log (7 relation becomes essentially 
independent of stellar mass. Evolutionary models predict 
that for clusters with ages of 10 and 13 Gyr (the limits for 
the clusters in our sample, Sect. 4.1.3) the difference in 
log 5 because of the difference in mass of the RGB stars 
{<, 0.1 Mq) does not exceed ~ 0.04dex (Yi et al. 2001). 
Thus, the gravity estimate will basically rely only on the 
estimate of effective temperature and stellar luminosity. 

Another type of gravity estimate is obtained directly 
from the spectral analysis, i.e., derived under the assump- 
tion of ionization equilibrium of Fe I and Fe II lines. These 
are referred to as 'spectroscopic' gravities, and in this case 
no assumptions regarding the Teg-log g scale are made. 
However, the assumption of ionization equilibrium for Fe 
I and Fe II in the atmospheres of late-type stars might 
be a rather poor approximation. As was mentioned in 
Sect. 4.1.1, Fe I lines (especially in metal-poor stars) may 
form in conditions that are far from the LTE, due to ove- 
rionization of Fe I by ultraviolet radiation (Thevenin & 
Idiart 1999). As a consequence, surface gravities derived 
under this assumption may also be in error. Nissen et al. 
(1997) have shown that there indeed exists a systematic 
discrepancy between spectroscopic gravities and those ob- 
tained using HIPPARCOS parallaxes. Unfortunately, the 
samples discussed by Nissen et al. (1997) do not extend 
into the gravity range of late-type giants. Only three stars 
have log 5 < 3.0 in the sample of Thevenin & Idiart (1999), 
however, the differences between LTE and NLTE gravities 
for these stars are less than 0.1 dex. 

A detailed comparison of spectroscopic and evolution- 
ary gravities was recently made by K103 for a large sample 
of late-type giants in 16 GGCs. They find a good agree- 
ment between the two types of gravity estimates within a 
large range of gravities, effective temperatures and metal- 
licities. Similar conclusions were reached also by Ivans et 
al. (1999, 199) and Ivans et al. (2001) in their studies of 
late- type giants in the globular clusters M4 and M5, re- 
spectively. 

The conclusions of KI03 and 199 are well reflected in 
Fig. 4, where we compare spectroscopic and evolutionary 
gravities of stars in the GGCs listed in Table 1. The dif- 
ferences between spectroscopic and evolutionary gravities 
are calculated using spectroscopic \ogg from Minniti et 
al. (1996, MPG96) for NGC6397, 199 for M4, and KI03 
for the rest of cluster giants. Evolutionary gravities were 
taken from a number of sources (CG97; 199; K103; Ramirez 
et al. 2001, ROl; Sneden et al. 2000, SOO). The agreement 
between spectroscopic and evolutionary gravities is very 
good within a large interval of gravities and metallici- 

ties, log g - 0.2 ... 2.2 and [Fe/H] 0.7 ... - 2.5, with 

no indication of statistically significant offsets or system- 
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Fig. 4. The difference between spectroscopic and evolution- 
ary gravities of Galactic globular cluster giants used in this 
work, for clusters in groups 5 to 1 in Table 1 (top-down). 
Spectroscopic gravities are from MPG96 for NGC6397, 199 for 
M4, and from KI03 for the rest of cluster giants. Different sym- 
bols indicate original sources from which evolutionary gravities 
were taken (see text for details). Note that in case of groups 4, 
2, 1 spectroscopic and evolutionary gravities are available for 
stars in only one cluster. 



atical trends (Fig. 4). There are no obvious trends be- 
tween the data of different authors either. Formal linear 
fits drawn through the data in Fig. 4 do not deviate from 
(log g)sPEC — (log <?)evol = by more than 0.2 dex within 
the entire interval of gravities and metallicities. The RMS 
scatter of the data around A log 5 = is largest for stars in 
cluster group 3 (MIO, M13, NGC 7006), ~ 0.2 dex, which 
is similar to a typical error margin of spectroscopically 
derived gravities (~ 0.2 dex). 

In case of several clusters (M15, M92, M13, NGC 7006) 
there is an indication that at logg ^ 0.8 evolutionary 
gravities of some stars may be somewhat higher than those 
obtained from spectroscopy. One possible explanation for 
this slight discrepancy may be that some of these stars 
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are in fact on the AGB, not the RGB. Since the outer 
atmospheres may be more extended in case of AGB stars, 
spectroscopic gravities may indicate lower effective logg 
than what would be inferred from the Tcff-L*-M^,-log g 
relation. 

4.1.3. Metallicities and ages 

Metallicities of individual stars in groups 1,3,5 (Table 1) 
are compared in Fig. 5, which shows the difference between 
[Fe/H] estimates obtained by KI03 and those derived by 
other authors. Whenever available, we used metallicities 
derived from the Fe II lines, to avoid possible bias due to 
inadequate treatment of Fe I lines with LTE model atmo- 
spheres of late-type giants (cf. Thcvcnin & Idiart 1999; see 
also KI03 for a discussion). 

There is a clear indication that Fe abundances derived 
by CG97 are systematically higher than those obtained 
by KI03, by ~ 0.16 dex on average (with an RMS scat- 
ter of ±0.12 dex). Similarly, [Fe/H] values of CG97 are 
higher than those derived by MPG96 by ~ 0.11 dex. On 
the other hand, the data from MPG96 and ROl are in 
good agreement with the [Fe/H] estimates of KI03. Since 
the abundances in KI03 seem to agree well with the [Fe/H] 
scales of Zinn & West (1984), and Rutledge et al. (1997), 
it is most likely that these differences simply reflect a well 
known discrepancy between the metallicity scales of Zinn 
& West (1984) and CG97. We, therefore, derive two av- 
erage [Fe/H] values for each cluster group: one estimate 
based on CG97 metallicities, the other on KI03, combined 
with data from other sources (MPG96, SOO, ROl). Only in 
groups 1 and 2 is there a good agreement between the two 
scales; differences within the other groups are marginally 
significant (at the 1 — 2a level). It should be mentioned 
though, that in all cases the spread in metallicities within 
a particular cluster group is small; typically, ~ 95% of 
stars are within a ±0.2 dex margin from the mean values 
given in Table 1. 

Ages of the individual clusters (taken from Salaris & 
Weiss 2002) are provided in Table 1 (age estimate for 
NGC 7006 is from Santos & Piatti 2004). The cluster ages 
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Fig. 5. The difference between metallicities derived by KI03 
and those obtained in other studies for the cluster giants used 
in this work, plotted against [Fe/H] of KI03. Different symbols 
indicate the original sources from which the [Fe/H] values were 
taken. 



of Salaris & Weiss (2002) were derived from the differ- 
ence in luminosity of the horizontal branch and the main 
sequence turn-off point in the cluster color-magnitude di- 
agram, using both CG97 and Zinn & West (1984) metal- 
licity scales. The differences between ages corresponding 
to the two metallicity scales are small: for all clusters in 
Table 1 they are well within ^ 0.5 Gyr (Salaris & Weiss 
2002), thus averaged values are given in Table 1. 

All clusters in our sample are old, with individual ages 
between ^ 10 - 13 Gyr (Table 1). The shift between the 
RGB isochrones corresponding to these limiting ages is 
ATeff < 100 K at [Fe/H] = --0.7, and decreases with lower 
[Fe/H] (Yi et al. 2001). While the age differences may 
indeed introduce additional scatter in the Toff-log g plane, 
no clear indication for such spread is seen in the observed 
sequences of different cluster groups (Fig. 6, Sect. 4.2), 
most likely because these differences are smeared out by 
the larger errors in spectroscopically or photometrically 
derived effective temperatures and/or gravities. 

4.2. NewTcs-logg scales 

The gravities of individual stars in all five cluster groups 
(Table 1) are plotted versus the effective temperature in 
Fig. 6. Generally, there is good consistency in Tog and log 5 
of individual giants within a particular cluster group (even 
though these stars belong to different clusters), especially 
in groups 2, 4, and 5. Several stars at T^s ~ 4500 K in M15 
(group 5, Fig. 6a) are somewhat off the main trend, as 
their spectroscopic gravities are considerably lower than 
those of other stars in this effective temperature range; 
similarly deviating is one star in M92 at Teg ~ 4200 K. It 
should be reminded that spectroscopic log g of these stars 
are about 0.4 dex lower than their evolutionary gravities 
(see Fig. 4). Note however, that the resulting Teff-log^ 
scale for this cluster group remains essentially unaffected 
if these stars are not employed in its derivation. Slightly 
larger scatter is seen in group 3, though data from different 
sources seem to agree well, with no noticeable differences 
or trends between them. With the exception of the CG97 
data for NGC 104, there is also a good consistency in the 
effective temperatures and gravities of individual stars in 
group 1. 

There is a faint hint that the sequence of CG97 stars 
in M92 is slightly shifted towards lower effective tempera- 
tures with respect to the best fitting sequence containing 
all stars in group 5. A similar offset is more clearly seen 
for the CG97 data in NGC 104 (group 1), where effec- 
tive temperatures of CG97 are lower by about ~ 150 K. 
Fortunately, in both cases these offsets have minor impact 
on the resulting TcS-\ogg scales (which are not altered 
significantly if these stars are excluded) , and we therefore 
retain them in the further analysis. 

The new empirical Toff-log g relations obtained as best 
fits to the observed giant sequences in the five cluster 
groups (Table 1) are shown in Fig. 6 and are provided 
in numerical form in Tables 2 and 3 (Table 3 lists coeffi- 
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Fig. 6. Empirical Toff-log g relations 
(solid lines) obtained as best fits to 
the observed late-type giant sequences 
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cients of polynomial fits representing the new relations). 
The typical RMS residual of the best fit is ~ 0.15 dex in 
log 5 (see Table 2), which corresponds to about ~ 100 K 
in Teff (note that the typical uncertainties in spectroscop- 
ically and/or photometrically derived Toff and \ogg are 
somewhat larger, ^ 150 K and ^ 0.3 dex, respectively). 
This uncertainty (RMS residual) is slightly smaller than 
the typical errors in the Teff-color relations of A99 that 
are based on stellar temperatures derived with the IRFM 
(up to ~ 150 K), and the RMS residuals of the Teff-color 
relations based on the effective temperatures from inter- 
ferometry 160 K, Paper I). 

We also provide Tcff-logg relations at several addi- 
tional metallicities corresponding to the metallicity nodes 
in the PHOENIX, MARCS and ATLAS grids of synthetic pho- 
tometric colors, at [M/H] = -0.5, -1.0, -1.5, -2.0. These 
supplementary relations were obtained by quadratic inter- 
polation between the empirical Tcg-log g relations in clus- 
ter groups 1-5 (Tables 2 and 3). The empirical relations 
were extrapolated to cover the range Teff — 3500 . . . 4900 K 
before making the interpolation. Note, however, that in 
most cases extrapolation was only done by up to 100 K in 
Teff, which corresponds to ~ 0.2 dex in logg. Exceptions 
are relations in groups 4 and 5 ([Fe/H] < —1.8), which 
were extrapolated to lower effective temperatures by as 
much as 500 K, and thus should be used with caution be- 
low Teff ^ 3900 K. Metallicities for the individual cluster 
groups were assigned according to the metallicity scales 
of CG97 and KI03, thus two sets of interpolated Teff- 
log g relations corresponding to each metallicity scale are 
provided (Table 4). Table 5 gives analytical expressions 
corresponding to the new Teff-log g relations provided in 



Table 2. Empirical Teff-log <? relations for the late-type giants 
in different cluster groups, obtained as best fits to the data in 
Fig. 6. Column 2 gives logg according to the Tcft-logg scale of 
Houdashelt et al. (2000, HOO) linearly extrapolated to T^s = 
4800 K. The last line is RMS residual of the best-fit, expressed 
as a gravity difference. 
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Table 4. It should be noted that differences between the 
Teff-log 5 relations corresponding to the two metallicity 
scales are always less than 0.1 dex in logg (or, correspond- 
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Table 3. Analytical expressions corresponding to the empirical Toff -log jr relations given in Table 2, in the form logp = 
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Table 4. New Tcff-logg relations at several metallicities, obtained by interpolating empirical Tcs-logg relations from Table 2. 
The new relations are given for the metallicity scales of KI03 and CG97 (see text for details) . 



log g 



[Fe/H] according to 
CG97 metallicity scale 





-0.5 


-1.0 


-1.5 


-2.0 


4900 


2.80 


2.52 


2.28 


2.09 


4800 


2.58 


2.29 


2.04 


1.85 


4700 


2.36 


2.06 


1.81 


1.61 


4600 


2.14 


1.84 


1.59 


1.38 


4500 


1.93 


1.63 


1.37 


1.17 


4400 


1.73 


1.42 


1.16 


0.95 


4300 


1.53 


1.22 


0.96 


0.75 


4200 


1.34 


1.03 


0.76 


0.56 


4100 


1.15 


0.84 


0.57 


0.37 


4000 


0.97 


0.66 


0.39 


0.19 


3900 


0.80 


0.49 


0.21 


0.02 


3800 


0.63 


0.33 


0.04 


-0.15 


3700 


0.46 


0.17 


-0.12 


-0.30 


3600 


0.30 


0.02 


-0.28 


-0.45 


3500 


0.15 


-0.13 


-0.42 


-0.59 



[Fe/H] according to 
KI03 metallicity scale 



-0.5 


-1.0 


-1.5 


-2.0 


2.83 


2.59 


2.37 


2.15 


2.61 


2.35 


2.13 


1.90 


2.39 


2.12 


1.89 


1.67 


2.17 


1.90 


1.67 


1.44 


1.96 


1.68 


1.45 


1.22 


1.76 


1.48 


1.24 


1.01 


1.56 


1.28 


1.04 


0.81 


1.37 


1.08 


0.84 


0.61 


1.18 


0.90 


0.65 


0.43 


1.00 


0.72 


0.47 


0.25 


0.82 


0.55 


0.30 


0.08 


0.65 


0.38 


0.13 


-0.08 


0.48 


0.23 


-0.03 


-0.23 


0.32 


0.08 


-0.18 


-0.37 


0.17 


-0.07 


-0.32 


-0.51 



O A [R./Il]^-2.0 
"-^ [Fc/H]=-1.5 

. o [Fc/Il]=-1.0 

O • [Fe/H]=-0.5 

3 _ QaQQQQoaoo<5<5<566666666oooooooo 

so ••••••••••••••••••••••••••••• 

M) 0.0 

o 



5000 4500 4000 3500 

eff 

Fig. 7. The difference in gravities predicted by the new Tofr- 
log g relations (Table 4) based on the metallicity scales of KI03 
and CG97, at several [Fe/H]. 

ingly, - 50 K in Toff, see Fig. 7). The RMS residuals of the 
interpolation procedure do not exceed 0.03 dex in log 5. 

It is worth remarking that the clusters in our sample 
are old; thus the masses of their RGB stars should be low, 
typically ~ 0.8-0.9 Mq (Yi et al. 2001). Though the direct 
effect of stellar mass on the broad-band photometric colors 
is small (see Paper I), TcS-\ogg relations will indeed be 
different in case of younger stellar populations, because 



Table 5. Analytical expressions corresponding to the new Teff- 
\ogg relations given in Table 4, in the form loggr = ao + aiTgfi + 
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of the higher masses of their RGB stars. For example, 
at [M/H] = -1.0 and Toff = 4400 K, the gravity on the 
2 Gyr isochrone will be about 0.15 dex lower than log 17 
corresponding to the same effective temperature on the 
15 Gyr isochrone (this difference is smaller at lower Toff 
and [M/H], Yi et al. 2001). Fortunately, the effect of this 
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Table 6. Teff-log g-color relations for the late-type giants based on the synthetic colors calculated with PHOENIX and MARCS 
model atmospheres. Photometric colors are given in the Johnson- Cousins- Glass system (see Sect. 2 for details). 
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difference is small: a shift in gravity by ~ 0.15 dex at T^s = 
4400 K will translate to A{B - ~ 0.02 for [Fe/H] = 
-1.0 and to ~ 0.03 for [Fe/H] = -2.0, with colors at 
lower log 5 becoming redder (differences in other colors 
are smaller). 



While the new Teff-log^i relations provided in Tables 4 
and 5 cover the effective temperature range of T^s = 
3500 — 4900 K, it should be taken into account that un- 
certainties in these relations will likely be larger below 
TeS ^ 3900 K and above T^g ~ 4600 K, where an extrap- 
olation was used to compensate for a lack of stars in cer- 
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tain cluster groups. It should also be noted that the new 
Teff-logg relations provided in Tables 2 and 4 are repre- 
sentative for RGB stars. Appropriate care should thus be 
taken if these relations are used at higher (or lower) tem- 
peratures, where RGB stars may be mixed up with stars 
on the horizontal branch (or AGB stars). 

5. Synthetic photometric colors versus 
observations: results and discussion 

The new Teff-logg' relations that were discussed in the 

previous Section allow us to derive a set of new Teg -log g- 
color relations based on the synthetic photometric colors, 
and to compare them with various Teff-color and color- 
color relations available from the literature. This compar- 
ison is done separately for [M/H] = —1.0 and —2.0. Below 
we focus on the details of these steps. 

5.1. New Teg-log g-color scales 

The new Tog-log g-color relations were constructed using 
the Teff-logf? relations derived in Sect. 4.2 and broad- 
band photometric colors calculated with the PHOENIX, 
MARCS, and ATLAS stellar model atmospheres (Sect. 2). 
These relations are provided in Table 6 (scales employing 
PHOENIX and MARCS colors) and Table 7 (relation based 
on ATLAS colors). They are based on the new empirical 
Teff-log^i scales corresponding to the metallicity scale of 
KI03 (Sect. 4.2), and are delivered at four metallicities, 
[M/H] = -0.5, -1.0, -1.5, and -2.0. Note that the limit- 
ing gravities in MARCS and ATLAS grids of synthetic colors 
are logg = 0.5 and logg^ = 0.0, respectively; to extend the 
coverage in log g, MARCS and ATLAS colors were linearly 
extrapolated to ~ 0.2 dex below these values. 

Uncertainties in the new Teg-log (/-color relations are 
governed by the uncertainties in the empirical Toff log g 
scales that were obtained as best fits to the observed Tog- 
log 5 sequences of late- type giants in Galactic globular 
clusters (Sect. 4.2). The typical RMS residual of the fit- 
ting procedure is ~ 0.15 dex in logg, or ~ 100 K in T^g. 
At Teff = 4400 K, log5 = 1.5, and [M/H] = -1.0, the 
uncertainty AT^s = 100 K will be equivalent to changes 
in photometric colors A{B - V) ~ A{V - /) ~ 0.05, 
A{V - K) ^ 0.13, and A(J - K) ~ 0.04 (correspond- 
ingly, to 0.07, 0.05, 0.14, and 0.04mag, at logg = 1.0 
and [M/H] — —2.0). The effect on photometric colors will 
increase slightly with decreasing gravity. Note, however, 
that photometric colors are less sensitive to uncertainties 
in logg: at Tog = 4400 K, logg = 1.5, and [M/H] = -1.0, 
Alogg = 0.15 will correspond to A{B -V) ~ 0.02, with 
differences in other colors at the level of 0.01 mag or lower. 
While we will further quote ±100 K as a representative un- 
certainty of the new Tgg-log g-color relations, it is rather 
obvious that this may only represent a lower limit on the 
true uncertainties, which include various systematical ef- 
fects inherent in the spectroscopic derivations of Toff, log g, 
and [Fe/H], limitations of the current stellar atmosphere 
models, and so forth. 



Table 7. Teff -log g-color relations for the late-type giants 
based on the synthetic colors calculated with ATLAS model 
atmospheres. Photometric colors axe given in the Johnson- 
Cousins-Glass system (see Sect. 2 for details). 
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5.2. Comparison of Teg-color and color-color relations 

In principle, the new Teg-log g-color relations can be read- 
ily used to compare synthetic photometric colors with ob- 
served effective tcnnpcratures and colors of late- type giants 
in the Tog color planes. Such an approach was taken in 
Paper I, where for this purpose we used a sample of late- 
type giants with effective temperatures derived from inter- 
ferometric measurements of stellar radii. Unfortunately, as 
was already mentioned in Sect. 4.1, effective temperatures 
of late-type giants obtained from interferometry or lunar 
occultations are very scarce at sub-Solar metallicities. The 
sample of late-type giants in Galactic globular clusters 
which was employed in the previous Section to obtain the 
new Teg-log g relations can not be used for this purpose 
either, since the number of stars in each metallicity group 
is too small for a reliable comparison of observed and syn- 
thetic photometric colors in different Tgg-color planes at 
different metallicities. 

Instead of using effective temperatures and photomet- 
ric colors of individual stars we thus will make a compari- 
son of synthetic photometric colors with the Teg-color and 
color-color relations available from the literature. For this 
purpose we use relations based both on the observed and 
theoretical colors of late-type giants, at [M/H] = —1.0 and 
-2.0. 

The baseline set of Teg-color and color color rela- 
tions used in our comparisons is that of Alonso et al. 
(1999b, A99). These relations are built on the observed 
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properties of a homogenous sample of 250 late-type gi- 
ants in Galactic globular clusters, with precise optical 
and near-infrared photometry of individual stars and T^s 
from IRFM. The sample covers the metallicity range 
[Fe/H] = ... — 3.0, with [Fe/H] estimates obtained ei- 
ther from spectroscopy or Stromgren photometry (with 
typical accuracies of ±0.15dex and 0.2 to 0.3 dex, re- 
spectively). The IRFM temperatures of individual stars 
are typically in good agreement with those obtained by 
direct methods within a large range of effective tem- 
peratures (Teff ~ 3700... 5200 K). The mean difference 
between the intcrfcrometric and IRFM temperatures is 
^direct " TiRFM — 3 ± 51K, bascd on 20 stars (Alonso et 
al. 1999a). The internal accuracy of the individual Teg- 
color relations varies between 40 and 125 K, which com- 
pares well with the accuracies of the reff~color scales de- 
rived by us in Paper I employing a sample of stars with 
interferometric temperatures (which are of the order of 
±150 K). Before making the comparisons, the Teg-color 
relations of A99 (Table 6 of A99, Johnson system) were 
transformed to the standard Johnson-Cousins-Glass sys- 
tem (Sect. 2), using transformation equations from Fernie 
(1983) for {V - I), and from Bessell & Brett (1988) for 
{V - K) and (J -K). 

Recently, the Teg-color and color-color relations of 
A99 were updated by Ramirez & Melendez (2005a,b). We 
include these new relations into our analysis, too. The 
transformation of Ramirez & Melendez (2005b, RM05) 
colors involving the 2MASS bandpasses {V — K2, J2 — K2; 
subscript 2 denotes the 2MASS system) to the standard 
Johnson-Cousins-Glass system was made using transfor- 
mation equations given by Carpenter (2001). 

Several additional widely used Tog-color and color- 
color relations that were employed in our study are: 

- Bell & Gustafsson (1989, BG89): Tgg-color and color- 
color relations based on theoretical photometric col- 
ors. The BG89 scales employed in this study were 
constructed using B — V colors taken from Bell & 
Gustafsson (1978), V-I, V-K, and J-K colors from 
Bell & Gustafsson (1989). According to Vandenberg & 
Clem (2003), the scale of BG89 reproduces well the 
observed CMDs of Galactic open and globular clus- 
ters at different metallicities. In the effective temper- 
ature range of interest for this study, the agreement 
seems to be very good, both at [M/H] = —1.0 and 
-2.0 (Vandenberg & Clem 2003); 

- BaSeL 2.2 (Lejeune et al. 1998, BaSeL ^.^j.- a semiem- 
pirical library of photometric colors based on the the- 
oretical spectra. While photometric colors of BaSeL 
2.2 are calibrated to match empirical Teg-color rela- 
tions at [Fe/H] = 0.0, with presumably poorer con- 
sistency at lower metallicities, we employ this scale in 
the present study too, partially to compare it with the 
BaSeL 3.1 colors (see below). BaSeL 2.2 colors used 
in this work were calculated using the interactive web- 
based BaSeL server^; 

^ http://tangerine.astro.mat.uc.pt/BaSeL/ 



- BaSeL 3.1 (Westera et al. 2002, BaSeL 5. ij.- extension 
of the BaSeL 2.2 library to lower metallicities, cali- 
brated using the photometric data of Galactic globular 
clusters. This scale is designed to reproduce the Teg- 
color and color-color relations at metallicities down to 

[M/H] 2.0. BaSeL 3.1 colors used in this study 

were calculated using the web-based BaSeL server; 

— Houdashelt et al. (2000, HOO): synthetic colors based 
on theoretical spectra calculated with the MARCS and 
SSG codes, with TiO opacities adjusted to reproduce 
the observed spectra of M giants from Fluks et al. 
(1994). The HOO scale should be used with care below 
Teg ~ 3800 K since no H2O opacities were included in 
the calculations (see Paper I for more details on the 
influence of different molecular opacities on the photo- 
metric colors); 

- Sekiguchi & Fukugita (2000, SFOO): an empirical Teg- 
(B — V) scale based on the observed colors and effective 
temperatures of 537 Infrared Space Observatory (ISO) 
standard stars from Di Benedetto (1998). Effective 
temperatures of individual stars were derived from the 
Tes-{V — K) relation, calibrated on a sample of nearby 
stars with angular diameters available from interferom- 
etry; 

— Vandenberg & Clem (2003, VC03): empirical scales 
based on synthetic BVRI colors of Bell & Gustafsson 
(1978, 1989), adjusted to satisfy observational con- 
strains from the observed CMDs of Galactic globular 
and open clusters, field stars in the Solar neighbor- 
hood, empirical Tcg-color relations and color-color re- 
lations for field giants. 



Note that in all cases photometric colors were se- 
lected according to the new Teg-log £f relations derived 
in Sect. 4.2. 

Extensive comparisons of these relations with vari- 
ous other Tgg-color scales have been published in numer- 
ous studies (e.g., Alonso et al. 1999b; Houdashelt et al. 
2000; Sekiguchi & Fukugita 2000; Westera et al. 2002; 
Vandenberg & Clem 2003; Rami'rez & Melendez 2005b). 
Some of these relations (BaSeL 2.2, A99, HOO, SFOO, and 
VC03) were also employed in our comparison of the ob- 
served and theoretical colors of late-type giants at Solar 
metallicity (Paper I). Altogether, this provides a further 
reference list for a comparison of the new Teg-color and 
color color scales with similar relations available in the 
literature. 

Comparisons of the new Teg-log g-color relations 
based on PHOENIX, MARCS and ATLAS colors (Tables 6 and 
7) with the published Teg— color relations arc; given in 
Fig. 8 (Tog-color planes) and Fig. 9 (color color planes) 
at [M/H] = —1.0, and, correspondingly, in Figs. 10 and 11 
at [M/H] = —2.0 (all comparisons are made with respect 
to the scale of A99). We discuss the trends at these two 
metalicities in the sections below. 
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Fig. 8. Empirical and theoretical Toff-color relations for late-type giants at [M/H] = —1.0, in different Teff-color planes (a-d, 
top panels). The thick solid line shows Teff-color relation of A99, the thick dashed line is the empirical Teff-color relation at 
Solar metallicity (Paper I). Several existing Teff-color relations are shown as well, together with the scales constructed using 
synthetic colors of PHOENIX, MARCS and ATLAS (Tables 6 and 7). The bottom panels in each figure show the difference between 
various Teff-color relations and the A99 scale in a given Teff-color plane (ATcff = Te°ff'""" - .) 
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Fig. 9. (a) Top: Empirical and theoretical color-color rela- 
tions at [M/H] = -1.0 in the {B - V) - {V - I) plane. The 
thick solid line is the {B - V) - {V - I) relation of A99, the 
thick dashed line is the empirical Teff-color relation at Solar 
metallicity (Paper I). Several existing Teff-color relations are 
shown, together with the scales constructed using synthetic 
colors of PHOENIX, MARCS and ATLAS. Bottom: the difference 
between various {B — V) — {V — I) relations and the A99 scale, 

ACI = cr*'"='' - ci-*^^. 
5.2.1. [M/H] = -1.0 

On the whole, the agreement between different Tcfj-color 
relations is good in all Tcff-color planes (Fig. 8). Typical 
differences are well within AToff ~ 80 K, with somewhat 
larger deviations in the T^g-^J — K) plane. Except for 
the scales of SFOO and BaSeL 3.1 (which start to deviate 
below Toff ~ 4100 K and ^ 4300 K, correspondingly), rea- 
sonably good agreement is also seen in the Tcs-{B — V) 
plane (note that effective temperature-color relations dif- 
fer considerably more in this plane at Solar metallicity; see 
Paper I). It is worthwhile noting that the slopes of SFOO 
and BaSeL 3.1 scales are clearly different from those of 
other relations in this Tcff-color plane. The agreement be- 
tween different relations is very good in the Teg-{V — I) 
plane, typically to ±50 K, with somewhat larger devia- 
tions for the scales based on BaSeL and PHOENIX colors. 
There is also a good consistency between different Tcf^- 
color scales in the Tcs-{V — K) plane (to ±80 K), though 
effective temperatures predicted by the Toff^color relation 
of A99 are slightly lower than those resulting from other 
relations. 

In spite of the reasonably good agreement between the 
different Teff-color scales in general, there is a clear indica- 
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Fig. 9. (b) Same as in Fig. 9a but in the {V - I) - {V ~ K) 
plane. 



tion that effective temperatures predicted by the Teff-color 
relations based on synthetic colors (HOO, ATLAS, MARCS, 
phoenix) are typically slightly higher than those inferred 
from the empirical relations (i.e., those of A99, BaSeL 2.2 
and 3.1, SFOO, VC03, RM05). This offset is seen in aU Teff- 
color planes and is largest in the Tcf{~{B — V) plane, where 
the average difference between the predictions of theoret- 
ical and empirical relations amounts to ^ 100 K (similar 
offset is seen in the TofT-( J — K) plane too, though in 
this case the comparison can only be made with the semi- 
empirical BaSel 2.2 and 3.1 scales). The only exception in 
this sense is the scale of BG89: theoretical colors of BG89 
are very similar to those predicted by empirical relations 
in the %fi~{B - V) and T^s-{V - I) planes. In the Teff- 
{V — K) plane, the BG89 relation is similar to the other 
scales based on synthetic colors, while in the roff-( J — K) 
plane it predicts effective temperatures that are consid- 
erably higher than those resulting from other Toff-color 
relations. 

It should be noted that the A99 scale occupies an in- 
termediate position in this sense in all Teff-color planes, 
providing a compromise between the predictions of theo- 
retical and empirical Teff-color relations. That is, effective 
temperatures given by the A99 scale generally tend to be 
lower than those given by Toff-color relations based on 
synthetic colors, with an average offset of about ~ 60 K. 
On the other hand, they are higher by up to ~ 50 K (Toff- 
{B — V) plane) than effective temperatures predicted by 
the empirical scales. Ivans et al. (2001) have reached sim- 
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ilar conclusions in their comparison of the effective tem- 
peratures of RGB stars in the globular cluster M5 derived 
using the Tcs-{B-V) scales of A99, SFOO and HOO. While 
there are some hints that the A99 scale tends to predict 
slightly lower Toff than other roff~color relations at Solar 
metallicity (Paper I), at [M/H] = —1.0 a similar trend is 
seen only in the Tca-{V — K) plane (it is interesting to 
note in this respect that the Toff's predicted by A99 scales 
at [M/H] = —2.0 are indeed lower than those resulting 
from other Teff-color relations; see Sect. 5.2.2). 

While the RM05 scale (which is an extension and up- 
date of the A99 relations) predicts slightly different effec- 
tive temperatures than do the A99 relations, differences 
between the two scales are always within ±50 K. A slightly 
larger discrepancy is seen in the Tcff-(F — K) plane, es- 
pecially at Toff ^ 4300 K. Note, however, that the trans- 
formation equations of Carpenter (2001) used by us to 
convert {V — -fi')2MASs colors of RM05 to the Johnson- 
Cousins-Glass system (see Sect. 2 for details) were derived 
utilizing only a part of the 2MASS survey data available 
at that time. Nevertheless, a shift of A(F — K) = 0.1 is 
needed to compensate for a difference of 50 K between the 
A99 and RM05 relations (Fig. 8c), which is quite large to 
be explained by uncertainties in the transformation equa- 
tions. 

We find no clear evidence that the Tgff-color relations 
based on the BaSeL 3.1 colors would indeed represent an 
improvement over the BaSeL 2.2 scales at [M/H] = —1.0. 
In fact, the scales employing BaSeL 2.2 colors seem to be 



in better agreement with the general trends seen in the 
Toff-(B - V) and Toff-(V^ - /) planes at Teff ^ 4500 K. 
Otherwise, the two scales behave very similarly, especially 
in the T^g-iV - K) and Toff-( J - K) planes (though dif- 
ferences gradually start to build up in the latter case at 
Tcff > 4500 K). 

The agreement between synthetic colors calculated us- 
ing different stellar atmosphere models is very good (in- 
cluding the scale based on HOO colors), with differences 
typically well within AToff ~ 70 K. A somewhat larger 
discrepancies are seen in the Ti^g-{V — I) plane, where the 
Toff-color scale based on the PHOENIX colors tends to pre- 
dict somewhat higher effective temperatures than those 
resulting from other Toff-color relations (a similar trend 
is seen at Solar metallicity, see Paper I). 

The Toff-color relations of BG89 are based on theoreti- 
cal colors that were calculated nearly 20 years ago (Bell & 
Gustafsson 1978, 1989). This offers an intriguing possibil- 
ity for examining the changes/improvements made in the 
theoretical modeling of stellar spectra and photometric 
colors over the last two decades, by comparing the pre- 
dictions of BG89 with the new Toff-color relations based 
on colors calculated with the current state-of-the-art stel- 
lar model atmospheres (i.e., PHOENIX, MARCS, and ATLAS). 
Interestingly, very little difference is seen between the two 
sets of theoretical Toff-color relations in the Teff-(F — I) 
and Toff-(F — K) planes. This is remarkable, especially 
since the V, I, and K passbands are strongly influenced 
by various molecular bands (TiO, VO, H2O, etc.). The 
differences are larger in the Toff-(i? — V) and Toff-( J — K) 
planes though. Compared with the effective temperatures 
obtained using Toff-color relations based on the synthetic 
colors of PHOENIX, MARCS, and ATLAS, the Toff predicted 
by the BG89 scale are approximately ^ 100 K lower in 
the former case and by a similar amount higher in the 
latter. On the whole, the differences in photometric colors 
provided by BG89 and those calculated with the current 
stellar model atmospheres are not large, typically < 100 K. 

The agreement between different color-color relations 
is good in all color-color planes (Fig. 9). The differences 
are well within ~ ±0.05 mag in the {B — V)-{V — I) 
plane, while the agreement is even better in the (V — /)- 
{V - K) and (J - K)-{V - K) planes (to - ±0.03 mag). 
Note, however, that the scales based on BaSeL 2.2. and 3.1 
colors are rather deviant in all color-color planes at the 
redder colors (below Toff ~ 4000 - 4300 K). Similarly, the 
VC03 relation starts to deviate beyond F — / ~ 1.5 in the 
[B — V)-{V — I) plane. BG89 colors are discrepant in the 
[J — K)-{V — K) plane (due to deviations in the Toff-(J — 
K) plane), within the entire range of photometric colors 
(or effective temperatures) typical for late- type giants. 

5.2.2. [M/H] = -2.0 

Obviously, the agreement between various Toff-color re- 
lations and the scale of A99 is poorer at [Fe/H] — —2.0 
(Fig. 10). Effective temperatures predicted by the A99 
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Fig. 10. Empirical and theoretical Teff-color relations at [Fe/H] = —2.0, in different Tcff-color planes (a-d, top panels). The 
thick solid line is the Teff-color relation of A99, the thick dashed line is empirical Teff-color relation at Solar metallicity (Paper I). 
Several existing Teff-color relations are shown as well, together with the scales constructed using synthetic colors of PHOENIX, 
MARCS and ATLAS (Tables 6 and 7). The bottom panels in each figure show the difference between various Teff-color relations 
and the A99 scale in a given Teff-color plane (ATeff = T°,^'""' - T^"^ .) 
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shown, together with the scales constructed using synthetic 
colors of PHOENIX, MARCS and ATLAS. Bottom: the difference 
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scales are systematically lower than those resulting from 
the other Toff-color relations, by up to ~ 150 K. This ten- 
dency is clearly seen in all Toff-color planes, and applies 
to scales based both on observed and theoretical colors 
(though the discrepancies are typically larger in the latter 
case, to ^ 130 K on average). It should be noted, however, 
that A99 relations are in reasonable agreement with other 
empirical relations in the Tcs-{B — V) and Toff-(T^ — K) 
planes (to ^ 90K and ~ 70K, respectively); larger devi- 
ations occur only when A99 relations are compared with 
those employing theoretical colors. Whether these inade- 
quacies point out to deficiencies in the A99 calibrations, 
or problems with the predictions of theoretical models (or 
both) - this has to be clarified in the future studies. 

The agreement between Toff-color scales based on dif- 
ferent sets of synthetic colors is very good, with devia- 
tions typically within AToft 40 K. This is not an un- 
expected result, since differences in the setup of stellar 
atmosphere models (opacities, equation of state, etc.) gen- 
erally become less important at lower metallicities as their 
effect on the resulting model structures becomes smaller 
too. Scales based on PHOENIX colors are slightly more dis- 
crepant in the Tofr-(T^— /) and Tcs-{J — K) planes, though 
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in the latter case this results in a better agreement with 
the A99 scale. The Toff-color relations based on BG89 col- 
ors are very similar to those employing theoretical colors 
calculated with current PHOENIX, MARCS, and ATLAS stellar 
model atmospheres. Significant differences are seen only in 
the Teg-(B — V) plane, where effective temperatures pre- 
dicted by the BG89 relations are cooler by about ~ 100 K, 
and in the Toff-( J — K) plane, where BG89 scales predict 
effective temperatures that are systematically higher than 
those resulting from the other scales based on synthetic 
colors. 

Similarly to what was seen at [M/H] = —1.0, we find 
no clear evidence that scales employing BaSeL 3.1 colors 
would indeed perform better than those based on BaSeL 
2.2. In fact, BaSeL 2.2 colors are in much better agree- 
ment with the general trends seen in the Tcg-{B — V) 
and Teff-(y — /) planes, both with respect to the scale 
of A99 and other Toff-color relations. On the contrary, 
BaSeL 3.1 scales deviate rapidly below Teff ~ 4600 K in 
the Toff-(i? — V) and Toff-(l^ — /) planes, predicting ef- 
fective temperatures that are too low. The two sets of 
relations are nearly identical in the Teff-(y — K) plane, 
with slightly larger differences seen in the Toff-( J — K) 
plane at Toff ^ 4500 K. 

The new scales of RM05 behave very similarly to those 
of A99. The differences are always within ~ ±40 K, except 
that RM05 temperatures in the Tcg-{V — K) plane are up 
to ~ 120 K lower than those predicted by empirical scales 
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at ^ 4500 K, and to ~ 200 K lower than those resulting 
from the relations based on theoretical colors. 

The agreement between different scales in the color- 
color planes is generally very good. The differences are 
typically well within ~ ±0.03 mag (except for scales based 
on BaSeL colors), with a marginally larger scatter seen 
in the (J - K)-{V - K) plane, ~ ±0.05 mag. The only 
outliers are scales based on BaSeL 2.2 and 3.1 colors, as 
they deviate rapidly in the {B — V)-{V — I) and {V — I)- 
{V - K) planes beyond {V - I) ^ 1.2 and {V - K) ^ 2.6. 

Indeed, most of the Tcff-color scales employed in this 
comparison are sensitive to the Toff-log g relations used in 
their derivation. However, imcertainties in the Teff-logg 
relations cannot fully account for the size of systematic 
offsets seen above, e.g., those between the A99 relations 
and other Toff-color scales, as these differences are sim- 
ply too large. Theoretical models predict that at a given 
photometric color higher effective temperatures will corre- 
spond to the models with lower gravities. Our comparison 
shows that effective temperatures inferred from the dif- 
ferent Tcff-color relations are indeed always higher than 
those resulting from the A99 scales. Obviously, such dif- 
ferences may result if gravities predicted by the new Tcff- 
\ogg relations are systematically too low. However, in or- 
der to account for the average offset of ~ 100 K seen in 
the Teff-(y — /) and TefT-(F — K) planes, gravities in the 
Tcff-log g relations should be increased correspondingly by 
about 0.5 and Idex at [M/H] = —2.0 (generally, larger 
changes will be needed at higher metallicities). A shift of 



~ 0.4 dex in gravity will be required to remedy the situa- 
tion in the Tefr-(i3 — V) plane. Clearly, the required shifts 
in gravity are too large to offer a plausible solution in this 
situation, especially given the fact that the gravity differ- 
ence between the empirical Tefj-loggr relations (Sect. 4.2) 
at [M/H] = -1.0 and -2.0 is only about 0.5 dex. 



6. Conclusions 

A detailed investigation of the metallicity effects on the 
broad-band photometric colors of late-type giants shows 
that their photometric properties are generally little af- 
fected by the variations in [M/H] at effective temperatures 
higher than Toff ~ 3800 K. This picture gradually changes 
at lower Tgff , as the influence of metallicity becomes more 
strongly pronounced below Tefi < 3500 K. To a large ex- 
tent this is due to changing efficiency of molecule forma- 
tion with decreasing [M/H]: since spectra of the late- type 
giants are heavily blanketed by molecular lines (especially 
at low Toff), photometric colors are inevitably affected 
when molecular lines become weaker at lower [M/H]. 

In order to compare synthetic colors with observations 
of late-type giants, we derive a set of new Toff— log g-color 
scales based on spectroscopic and photometric effective 
temperatures and gravities of 152 late-type giants in 10 
Galactic globular clusters, backed up with synthetic colors 
produced with PHOENIX, MARCS and ATLAS stellar model 
atmospheres. We find that the new scales employing syn- 
thetic colors agree well with various existing Toff-color re- 
lations at [M/H] — —1.0, with typical differences being 
well within AToff ~ 100 K. However, effective tempera- 
tures predicted by the theoretical scales tend to be higher 
than those resulting from the empirical relations, by up 
to ^ 100 K. Similar trends are seen at [M/H] = —2.0 too, 
especially in the Tcs-{B — V) and Toff-(I^ — K) planes, 
where Tcff inferred from the empirical relations are again 
by about ^ 100 K lower than those predicted by the the- 
oretical scales. 

The agreement between the different color-color rela- 
tions is good in all color-color planes, both at [M/H] = 
— 1.0 and [M/H] = —2.0. The typical differences are 
within ±0.05 mag, although in certain color-color planes 
the agreement is even better, to ±0.03 mag (e.g., in the 
{B - V)-{V - I) and [V - I)-{V - K) planes, both at 
[M/H] = -1.0 and -2.0). 

Finally, there is a good consistency in synthetic col- 
ors calculated with different stellar model atmospheres in 
Toff-color and color-color planes, both at [M/H] = — 1.0 
and [M/H] = —2.0. The typical differences are within 
ATcff - 70K at [M/H] = -1.0 and AToff - 40 K at 
[M/H] = —2.0 in Toff-color planes, and within A ^ 
0.07 mag at both metallicities in all color-color planes. Let 
us note, however, that the differences in the setup of stel- 
lar atmosphere models (opacities, equation of state, etc) 
generally become less important at low metallicities which 
leads to a better agreement between colors calculated with 
different model atmospheres (the differences in photomet- 
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ric colors are considerably larger at Solar metallicity; see 
Paper I). 

Acknowledgements. We are grateful to Bertrand Plez 
(GRAAL, Universite Montpellier) for calculating MARCS grid 
of synthetic spectra, and numerous comments and discus- 
sions. We also thank Glenn Wahlgrcn (Lund Observatory) 
for a careful reading of the manuscript and his valuable 
comments and suggestions. AK acknowledges support from 
the Wenner-Gren Foundations. This work was supported 
in part by grant-in-aids for Scientific Research (C) and for 
International Scientific Research (Joint Research) from the 
Ministry of Education, Science, Sports and Culture in Japan, 
and by a Grant of the Lithuanian State Science and Studies 
Foundation. This work was also supported in part by the Pole 
Scientifiquo dc Modclisation Nunicriquc at ENS-Lyon. Some 
of the calculations presented in this paper were performed 
on the IBM pSeries 690 of the Norddeutscher Vcrbund fiir 
Hoch- und Hochstleistungsrechnen (HLRN), and on the IBM 
SP "seaborg" of the NERSC, with support from the DoE. 
Wo thank all these institutions for a generous allocation 
of computer time. This research has also made use of the 
SIMBAD and VizieR databases, operated by the CDS, 
Strasbourg, France. 



References 

Alonso, A., Arribas, S., Martinez-Roger, C. 1999a, A&AS, 139, 
335 

Alonso, A., Arribas, S., Martinez-Roger, C. 1999b, A&AS, 140, 
261 (A99) 

Alonso, A., Salaris, M., Arribas, S., Martinez-Roger, C, 

Asensio Ramos, A. 1999, A&AS, 139, 335 
Baron, E., Hauschildt, P.H., AUard, F., Lentz, E.J., 

Aufdcnbcrg, J., Schweitzer, A., Barman, T. 2003, in: 

'Modelling of Stellar Atmospheres', lAU Symp. 210, eds. 

N.E. Piskunov, W.W. Weiss & D.F. Gray, in press 
Bell, R.A., Gustafsson, B. 1978, A&AS, 34, 229 
Bell, R.A., Gustafsson, B. 1989, MNRAS, 236, 653 
Bessell, M.S. 1990, PASP, 102, 1181 
Bessell, M.S., Brett, J.M. 1988, PASP, 100, 1134 
Blackwell, D.E., Lynas-Gray, A.E. 1998, A&AS, 129, 505 
Blackwcll, D.E., Pctford, A.D., Arribas, S., Haddock, D.J., 

Selby, M.J. 1990, A&A, 232, 396 
Carpenter, J.M. 2001, AJ, 121, 2851 
Carretta, E., Gratton, R.G. 1997, A&AS, 121, 95 (CG97) 
Cassisi, S., Salaris, M., CasteUi, F., Pietrinferni, A. 2004, ApJ, 

616, 498 

CasteUi, F., Kurucz, R.L. 2003, in: 'Modeling of SteUar 
Atmospheres', Proc. lAU Symp. 210, eds. N.E. Piskunov, 
W.W. Weiss, D.F. Gray, poster A20 (CD-ROM); synthetic 
spectra available at http://cfaku5.cfa.harvard.edu/grids 

Di Benedetto, CP. 1993, A&A, 270, 315 
Di Benedetto, CP. 1998, A&A, 339, 858 
Fcrnic, J.D. 1983, PASP, 95, 782 

Fluks, M.A., Plez, B., The, P.S., de Winter, D., Westerlund, 
B.E., Steenman, H.C. 1994, A&AS, 105, 311 

Girardi, L., Bressan, A., BertelU, G., Chiosi, C. 2000, A&AS, 
141, 371 

Gustafsson, B. 2003, in: 'Modeling of Stellar Atmospheres', 
Proc. lAU Symp. 210, eds. N.E. Piskunov, W.W. Weiss, D.F. 
Gray, p.3 



Gustafsson, B., Edvardsson, B., Eriksson, K., Mizuno- 

Wiedner, M., J0rgensen, U.C, Plez, B. 2003, in: 'Modeling 

of Stellar Atmospheres', Proc. lAU Symp. 210, eds. N.E. 

Piskunov, W.W. Weiss, D.F. Gray, poster A4 (CD-ROM) 
Hauschildt, P.H., AUard, F., Baron, E. 1999a, ApJ, 512, 377 
Hauschildt, P.H., AUard, F., Ferguson, J., Baron, E., 

Alexander, D.R. 1999b, ApJ, 525, 871 
Hauschildt, P.H., AUard, F., Baron, E., Aufdenberg, J., 

Schweitzer, A. 2003, in: 'GAIA Spectroscopy, Science and 

Technology', ASP Conf. Scr., vol. 298, cd. U. Munari, p. 179 
Houdashelt, M.L., BeU, R.A., Sweigart, A.V., Wing, R.F. 2000, 

AJ, 119, 1424 (HOO) 
Ivans, I.I., Sncdcn, C, Kraft, R.P., Suntzcff, N.B., Smith, V.V., 

Langer, CE., Fulbriglit, J. P. 1999, AJ, 118, 1273 (199) 
Ivans, I.I., Kraft, R.P., Sncdcn, C, Smith, V.V., Rich, M.R., 

Shetrone, M. 2001, AJ, 122, 1438 
Kraft, R.P., Ivans, I.I. 2003, PASP, 115, 143 (KI03) 
Kucinskas, A., Hauschildt, P.H., Ludwig, H.-G., et al. 2005, 

A&A, 442, 281 (Paper I) 
Lejeune, T., Cuisinier, F., Buser, R. 1998, A&AS, 130, 65 

(BaSel 2.2) 
Megessier, C. 1994, A&A, 289, 202 

Minniti, D., Peterson, R.C., Geisler, D., Claria, J.J. 1996, ApJ, 

470, 953 (MPG96) 
Montegriffo, P., Ferraro, F.R., Origlia, L., Fusi Pecci, F. 1998, 

MNRAS, 297, 872 
Mouhcinc, M., Lancon, A. 2002, A&A, 393, 149 
Nisscn, P.E., H0g, E., Schuster, W.J. 1997, in 'Hipparcos: 

Venice 1997', ESA Symp., ESA SP-402, Paris, p.225 
Nordgren, T.E., Sudol, J.J., Mozurkewich, D. 2001, AJ, 122, 

2707 

Plez, B. 2003, in: 'GAIA Spectroscopy, Science and 
Technology', ASP Conf. Scr., vol. 298, ed. U. Munari, p.l89 
Ramirez, I., Melendez, J. 2005a, ApJ, 626, 446 
Rami'rez, I., Melendez, J. 2005b, ApJ, 626, 465 (RM05) 
Ramirez, S.V., Cohen, J.G., Buss, J., Briley, M.M. 2001, ApJ, 

122, 1429 (ROl) 
Rosenberg, A., Saviane, I., Piotto, G., Aparicio, A. 1999, AJ, 
118, 2306 

Rutledge, G.A., Hesser, J.E., Stetson, P.B. 1997, PASP, 109, 

907 

Salaris, M., Weiss, A. 2002, A&A, 388, 492 
Santos, J.F.C., Piatti, A.E. 2004, A&A, 428, 79 
Sekiguchi, M., Fukugita, M. 2000, AJ, 120, 1072 (SFOO) 
Sneden, C, Pilachowski, C.A., Kraft, R.P. 2000, AJ, 120, 1351 

(SOO) 

Thevenin, F., Idiart, T.P. 1999, ApJ, 521, 753 
Vandenberg, D.A., Clem, J.L. 2003, AJ, 126, 778 (VC03) 
Westera, P., Lejeune, T., Buser, R., Cuisinier, F., Bruzual, G. 

2002, A&A, 381, 524 (BaSeL 3.1) 
Yi, S., Demarque, P., Kim, Y.-C, et al. 2001, ApJS, 136, 417 
Zinn, R., West, M.J. 1984, ApJS, 55, 45 



